Sensitization is a critical unresolved challenge in transplantation. We show for the first time that blockade of CD154 alone or combined with T-cell depletion prevents sensitization. Allogeneic skin grafts were rejected by recipients treated with anti-␣␤ T-cell receptor (TCR), anti-CD154, anti-OX40L, or anti-inducible costimulatory pathway (ICOS) mAb alone with a kinetic similar to untreated recipients. However, the production of anti-donor MHC antibody was prevented in mice treated with anti-CD154 mAb only, suggesting a specific role for the CD154-CD40 pathway in B-cell activation. The impairment of T celldependent B-cell responses by blocking CD154 occurs through inhibiting activation of T and B cells and secretion of IFN-␥ and IL-10. Combined treatment with both anti-CD154 and anti-␣␤ TCR abrogated antidonor antibody production and resulted in prolonged skin graft survival, suggesting the induction of both T-and B-cell tolerance with prevention of allogeneic sensitization. In addition, we show that the tolerance induced by combined treatment was nondeletional. Moreover, these sensitization-preventive strategies promote bone marrow engraftment in recipients previously exposed to donor alloantigen. These findings may be clinically relevant to prevent allosensitization with minimal toxicity and point to humoral immunity as playing a dominant role in alloreactivity in sensitized recipients. 
Introduction
Sensitization of patients to major histocompatibility complex (MHC) antigens is among the most critical challenges in clinical transplantation. [1] [2] [3] Patients with preformed antibodies have higher rejection rates and inferior outcomes for bone marrow transplantation (BMT) and organ transplantation. Most patients with sickle cell disease and thalassemia who are candidates for BMT are sensitized due to chronic transfusion therapy. 4 Similarly, in solid organ transplantation, allorejection mediated by preformed antibodies has recently been recognized as a major cause of graft loss in sensitized patients. Although 20% of candidates for renal transplantation are sensitized, they receive less than 3% of available organs. 1 The increased use of ventricular assist devices as a bridge to cardiac transplantation also sensitizes these candidates to MHC alloantigens prior to transplantation. 5 Methods to prevent sensitization would therefore have a broad therapeutic impact. 3 The power of MHC-specific antibodies to destroy vascularized allografts within minutes following transplantation has been appreciated since 1969. 6, 7 Immunosuppressive drugs have been used to reduce the antibody response to allografts, 8, 9 but the toxicity associated with the chronic use of these drugs is a significant limitation. Moreover, long-term outcomes are still significantly inferior. 10 Induction of mixed allogeneic chimerism has been demonstrated to confer donor-specific tolerance in the setting of allosensitization. 8, 11 However, to establish mixed chimerism in sensitized recipients, the immune barrier from allosensitization must be overcome. [12] [13] [14] As the cellular and molecular mechanisms of allosensitization are defined, novel strategies to manipulate these effector pathways have emerged. Our recent work in developing a nonmyeloablative approach to establish chimerism in sensitized recipients found that humoral immunity poses a dominant barrier, with T-cell reactivity secondary, but still significant. 12 The costimulatory molecule CD154 is expressed predominantly on activated CD4 ϩ T cells. 15 CD40, the receptor for CD154, is constitutively expressed on B cells. 16 The CD154-CD40 interaction is required for effective activation of both T and B cells. CD40 engagement by its ligand, CD154, stimulates B-cell proliferation, differentiation, isotype switching, development of germinal centers, and immunologic memory. 17 Therefore, we examined whether sensitization could be prevented at the time of exposure to alloantigen by targeting these costimulatory molecule interactions.
We report here for the first time a novel, mechanistically based approach to prevent sensitization to MHC alloantigens. Blockade of CD154-CD40 interactions induced B-cell but not T-cell tolerance during skin grafting, indicating that blockade of CD154 dominantly impairs activation of adaptive humoral immunity. The addition of lymphodepletion using anti-␣␤ T-cell receptor (TCR) mAb to anti-CD154 mAb induced long-term T-and B-cell tolerance, evidenced by absence of antidonor antibody generation and acceptance of MHC plus minor antigen-disparate skin grafts. Blockade of CD154 inhibited both T-and B-cell activation and decreased production of IFN-␥ and IL-10 in T cells. In addition, we show that combined treatment induces nondeletional tolerance, as evidenced by rapid rejection of both secondary and primary prolonged skin grafts and no change in V␤ T-cell repertoire. These preventive treatments promoted the establishment of allogeneic chimerism in recipients initially exposed to donor alloantigens. These strategies may be clinically significant to prevent allosensitization with minimal toxicity, and focus attention on the previously underappreciated humoral arm of adaptive immune responses in vivo.
Methods

Animals
Male C57BL/6 (B6; H-2 b ) and BALB/cJ (BALB/c; H-2 d ) mice, B6 congenic CD154-deficient mice (Tnfsf5 tm1Imx [CD154 Ϫ/Ϫ , H-2 b ]), and ␣␤ TCR ϩ T-cell-deficient mice (C57BL/6-Tcrb tmlMom [TCR␤ Ϫ/Ϫ , H-2 b ]) were obtained from The Jackson Laboratory (Bar Harbor, ME). Animals were housed in the barrier facility at the Institute for Cellular Therapeutics under specific pathogen-free conditions, and cared for according to National Institutes of Health guidelines.
Sensitization and preconditioning
B6, CD154 Ϫ/Ϫ , or TCR␤ Ϫ/Ϫ recipient mice were sensitized by skin grafts from BALB/c donors by a modification of the method described by Billingham. 18, 19 Grafts were scored by daily inspection for the first month and then weekly thereafter for rejection. Rejection was defined as complete when no residual viable graft could be detected.
Recipient B6 mice were pretreated intraperitoneally with mAbs of anti-␣␤ TCR (H57-597: hamster anti-mouse IgG; 100 g on day 3) and anti-CD154 (MR-1: hamster anti-mouse IgG3; Bioexpress, Lebanon, NH; 0.5 mg on days 0 and 3), anti-inducible costimulatory pathway (ICOS) (7E.17G9 rat anti-mouse IgG2b; Bioexpress; 0.5 mg on day 4, 0.25 mg on days 6, 8, and 10), or anti-OX40L (RM134L: rat anti-mouse IgG2b; Bioexpress; 0.5 mg on day 4, 0.25 mg on days 2, 4, and 6) alone or in combination around time of skin grafting (day 0) from BALB/c. A total of 100 g per mouse was determined to be required to deplete ␣␤ TCR ϩ T cells, 18 and the doses of anti-CD154, anti-ICOS, or anti-OX40L were chosen based on previous publications. [20] [21] [22] Relevant amounts of hamster IgG (0.5 mg, days 0 and 3; Bioexpress) were used as an isotype control for anti-CD154 mAb.
Flow cross-match assay
Flow cross-match (FCXM) assays were performed as previously described. 12 Sera were taken from mice up to 12 weeks following skin grafting. A total of 0.5 ϫ 10 6 splenocytes from naive BALB/c mice were incubated with 5 L sera for 30 minutes. Cells were washed and incubated with fluorescein isothiocyanate (FITC)-conjugated polyclonal goat antimouse Ig (Immunology Consultants Laboratory, Newberg, OR), followed by a third incubation with PE-conjugated anti-mouse CD4 plus CD8 (PharMingen, San Diego, CA). Levels of circulating alloantibodies were determined by FACSCalibur (BD Biosciences, Mountain View, CA), gating on the CD4 ϩ and CD8 ϩ T-cell fraction, and were reported as mean fluorescence intensity (MFI).
Chimera preparation
Mice were conditioned with 950 cGy total body irradiation (TBI; ␥-cell 40; Nordion, Toronto, ON) and received transplants of 15 ϫ 10 6 or 80 ϫ 10 6 untreated donor bone marrow cells (BMCs) via lateral tail vein injection between 4 and 6 hours after irradiation as previously described. 18 Briefly, tibias and femurs were harvested from donors. Bone marrow was expelled from the bones with medium 199 (Life Technologies, Grand Island, NY) containing 10 g/mL gentamicin (Life Technologies) and gently processed into a single-cell suspension. The cells were diluted to a final concentration of 15 ϫ 10 6 BMC/mL or 80 ϫ 10 6 BMC/mL.
Characterization of chimeras
Recipients were characterized for chimerism using flow cytometry to determine the relative percentages of donor-derived peripheral blood lymphocytes (PBLs) monthly as previously described. 18 Peripheral blood was stained with Abs specific for MHC class I Ags of donor (FITC-conjugated anti-H-2K d ) and recipient (PE-conjugated anti-H-2K b ) origin. Nonspecific background staining was controlled using isotype control Ab directed against irrelevant Ag conjugated with the same fluorochrome as the experimental Ab. All mAbs were obtained from BD Biosciences.
Flow cytometric analysis of TCR V␤ families
Peripheral blood (80-100 L) from unmanipulated hosts (B6), unmanipulated donors (BALB/c), chimeras, or skin graft-tolerant recipients treated with anti-CD154 plus anti-␣␤ TCR was stained with anti-V␤5.1/2-FITC (MR9-4), anti-V␤6-FITC (RR4-7), anti-V␤8.1/2-FITC (MR-5-2), or anti-V␤11-FITC (RR3-15) versus antihost H2K b -PE, anti-CD8-PerCP, and anti-CD4-APC (all from BD Biosciences) for 45 minutes at 4°C. A minimum of 50 000 gated events was collected within the total lymphoid gate. Background staining was determined by FITCconjugated isotype mAbs. Samples from mixed chimeras were stained 2 months after reconstitution. The samples from skin graft-tolerant mice treated with anti-␣␤ TCR plus anti-CD154 mAb were also tested 5 to 7 weeks after skin grafting.
CD8 and CD4 effector and central memory T-cell enumeration
Skin grafting was performed (day 0) from BALB/c to B6 mice with or without anti-CD154 mAb treatment (days 0 and 3). Recipient peripheral blood was collected up to 30 days after skin grafting. Cells were stained with anti-CD44-FITC (IM7), anti-CD62L-PE (MEL-14), anti-CD4-PerCP, and anti-CD8-APC (all from BD Biosciences). Flow cytometry was performed using a FACSCalibur (BD Biosciences) and analyzed using Cell Quest software (BD Biosciences). CD4 ϩ or CD8 ϩ cells were analyzed for CD62L and CD44 expression. T effectors and T central memory cells were identified as CD44 high /CD62L low/Ϫ or CD44 high / CD62L high , respectively.
Statistical analysis
Data are presented as the average plus or minus the standard deviation (SD). The 2-tailed t test (2-sample, assuming unequal variances) was used to evaluate statistical differences. The difference between groups was considered significant at a P value less than .05.
Results
Humoral immunity is impaired in CD154 ؊/؊ and TCR␤ ؊/؊ mice To determine the role of CD154 and ␣␤ TCR T cells in allosensitization, MHC-disparate skin grafts were transplanted onto gene-deleted mice. CD154 Ϫ/Ϫ mice rejected allogeneic skin grafts from BALB/c donors with a time course similar to wild-type B6 recipients ( Figure 1A ). TCR␤ Ϫ/Ϫ mice accepted allogeneic skin grafts permanently (Ͼ 120 days). Donor-specific antibodies were not detected in either group after skin grafting ( Figure 1B ). Control B6 mice had significantly higher antibody titers after graft rejection.
To confirm that sensitization had been prevented, a second skin graft was transplanted 5 to 7 weeks after the first. Again, no donor-specific antibody was detected in the TCR␤ Ϫ/Ϫ and CD154 Ϫ/Ϫ mice. In contrast, high levels of antibody were present in B6 controls after rejection of second skin grafts ( Figure 1B ). CD154 Ϫ/Ϫ mice rejected their second skin graft significantly more rapidly (8.6 Ϯ 1.1 days; P ϭ .01) than their first graft ( Figure 1C ), while TCR␤ Ϫ/Ϫ mice accepted second skin grafts indefinitely. Therefore, For personal use only. on July 15, 2017. by guest www.bloodjournal.org From ␣␤ TCR ϩ T cells play important roles both in allorejection and T cell-dependent B-cell activation, and the CD154-CD40 costimulatory pathway is critically important in B-cell activation for antibody generation.
Combined T-cell lymphodepletion and CD154 blockade prolong the survival of allogeneic skin grafts
We next examined whether blocking CD154-CD40 interactions in normal recipients would tolerize adaptive B-and T-cell responses that subsequently lead to acceptance of MHC-disparate allogeneic skin grafts. Recipient B6 mice received transplants of BALB/c skin grafts and were conditioned with: (1) anti-␣␤ TCR mAb; (2) anti-CD154 mAb; or (3) both mAbs at the time of skin grafting. More than 98% of ␣␤ TCR ϩ T cells were depleted 3 days after anti-␣␤ TCR treatment (0.3% Ϯ 0.05%) compared with ␣␤ TCR ϩ T cells on day 0 (17.9% Ϯ 2.8%). One-half of the ␣␤ TCR ϩ T cells recovered within 15 days, and the population had fully recovered by 30 days (Figure 2A ). Similar kinetics of T-cell recovery were observed in the mice treated with anti-␣␤ TCR combined with anti-CD154 (data not shown).
Donor skin grafts were rejected by untreated recipients with a median survival time (MST) of 13.2 plus or minus 1.5 days ( Figure  2B ). Recipients pretreated with anti-CD154 or anti-␣␤ TCR mAb alone rejected their skin grafts with a kinetic similar to untreated or hamster IgG-treated B6 controls (P Ͼ .05). Notably, 70.6% of allogeneic skin grafts were significantly prolonged in mice treated with both mAbs (n ϭ 17; P Ͻ .001). Therefore, combined T-cell lymphodepletion and CD154 blockade prolonged the survival of MHC-disparate allogeneic skin grafts.
Blockade of CD154-CD40 and depletion of T cells prevents antidonor antibody production
We also measured the levels of antidonor antibody in manipulated mice. Blocking of CD154-CD40 interactions prevented the generation of antidonor antibody ( Figure 2C ). Antibody titers in mice treated with anti-CD154 mAb alone (MFI, 5.7 Ϯ 3.4; P Ͼ .05) were only slightly higher than in naive mice (MFI, 3.7 Ϯ 0.6). In contrast, mice treated with anti-␣␤ TCR mAb alone produced antidonor antibody at levels significantly greater (MFI, 50.3 Ϯ 44.1; P ϭ .03) compared with naive mice, but significantly lower (P Ͻ .001) than that in controls that received skin grafts but no mAb (MFI, 157.6 Ϯ 65.7) or hamster IgG (MFI, 125.2 Ϯ 53.0) treatment.
To test the long-term effect of mAb on prevention of allosensitization, the kinetics of donor-specific antibody titers was examined ( Figure 2D ). Sera were collected at weeks 4, 8, and 12 after skin graft placement and tested in FCXM assay. In 100% of recipients treated with anti-CD154 combined with anti-␣␤ TCR mAb (n ϭ 12), antidonor antibody titers were not significantly elevated at week 8, and only 3 of 12 animals had higher antibody titers at 12 weeks. One of 9 mice treated with anti-CD154 mAb alone had slightly elevated antidonor antibody at week 8, and antibody titers increased to a MFI of 26.28 at 12 weeks after skin grafting. The remaining 8 recipients had antibody titers similar to that of naive controls. Antibody generation did not correlate with skin graft rejection, as those 3 mice treated with anti-␣␤ TCR plus anti-CD154 mAbs that had elevated titers exhibited skin graft prolongation. In (A) Life table analysis of first skin graft survival. All animals were followed up to 120 days. MST was 12.4 (Ϯ 2.0) days for CD154 Ϫ/Ϫ and 12.0 (Ϯ 2.4) days for wild-type B6 recipients and more than 120 days for TCR␤ Ϫ/Ϫ mice. (B) Sera were collected 4 weeks after first and second skin grafts. Sera collected before the first skin graft served as a control. Sensitization was measured by FCXM assay on sera obtained at selected time points. Levels of circulating alloantibodies were determined by FACSCalibur, gating on the CD4 ϩ and CD8 ϩ T-cell fraction, and were reported as mean fluorescence intensity (MFI). Antidonor Ab titers were tested in TCR␤ Ϫ/Ϫ and CD154 Ϫ/Ϫ mice as well as B6 controls before placement of the donor skin graft (naive sera) or at 4 weeks after first and second skin graft. Data are presented as averages plus or minus SD. (C) Life table analysis of second BALB/c skin graft survival.
contrast, most animals treated with anti-␣␤ TCR mAb alone generated higher antidonor antibody titers. These data suggest that blockade of CD154 dominantly tolerized the B-cell compartment and prevented generation of antidonor antibody at the time of sensitization.
To exclude a nonspecific effect, we also tested whether blockade of ICOS or anti-OX40L (a member of the TNF superfamily expressed on activated B cells and antigen-presenting cells) would result in a similar outcome. B6 mice pretreated with either of these antibodies alone rejected BALB/c skin grafts with a kinetic similar to B6 controls ( Figure S1A , available on the Blood website; see the Supplemental Materials link at the top of the online article). Recipients of both groups generated significantly higher levels of donor-specific Ab ( Figure S1B) . Moreover, addition of T-cell depletion with anti-␣␤ TCR to anti-ICOS or anti-OX40L neither prolonged the survival of allogeneic skin grafts nor prevented the generation of antidonor Ab ( Figure S1A,B) .
Disruption of CD154-CD40 signaling abrogates germinal center formation
The germinal center is a specialized microenvironment in which antigen-activated B cells proliferate and differentiate into plasma cells and memory B cells. Germinal center formation requires collaboration between activated T cells and B cells in this highly specialized site. Germinal center counts in spleens were performed in mice treated with anti-CD154 alone, anti-␣␤ TCR alone, or both mAbs 5 to 7 weeks after skin grafting. No germinal centers were generated in mice treated with anti-CD154 or anti-CD154 plus anti-␣␤ TCR, while those treated with anti-␣␤ TCR mAb alone produced germinal centers at levels similar to that of sensitized controls ( Figure 3A ; number/ spleen: 13.7 Ϯ 1.5 vs 20.8 Ϯ 3.6). Although the numbers of germinal centers in anti-␣␤ TCR mAb treated mice were similar to that in sensitized controls, the size of the germinal center was significantly smaller. Moreover, the germinal centers in mice treated with anti-CD154 or anti-CD154 plus anti-␣␤ TCR mAbs appeared disrupted, as evidenced by the loss of the normal structure ( Figure 3A ).
CD154 blockade inhibits both T-and B-cell activation and decreases the expression of IFN-␥ and IL-10 in T cells
We further evaluated the effect of anti-CD154 mAb on T-and B-cell populations and their phenotypes. There was no significant difference in absolute number of T cells (CD4 ϩ or CD8 ϩ ) and B cells (total, CD19 ϩ ; immature, CD19 ϩ /CD24 high /CD23 low ; and follicular, CD19 ϩ /CD24 low /CD23 high ) between anti-CD154-and control IgG-treated groups at days 7, 15, or 25 after skin grafting ( Figure 3B ). However, anti-CD154 treatment resulted in a significant reduced activation of alloreactive T and B cells ( Figure 3C ): the percentage of CD8 ϩ /CD71 ϩ was significantly lower at day 7, and the percentages of CD4 ϩ /CD71 ϩ were significantly lower at days 7, 15, and 25 compared with control IgG-treated mice (P Ͻ .05). The percentages of CD19 ϩ /CD69 ϩ at days 7 and 25 were significantly lower compared with control IgG-treated mice (P Ͻ .05). To determine effect of anti-CD154 treatment on T helper 1 (Th1) and Th2 cytokine production, intracellular IFN-␥ and IL-10 expression was analyzed. As shown in Figure 3D , the IFN-␥ expression in both CD8 and CD4 T cells was inhibited at day 7, and the inhibition reached significance (P Ͻ .01) at day 15 compared with the control IgG-treated group. The IL-10 expression was similar at day 7 between the 2 groups, but was significantly inhibited in mice treated with anti-CD154 at day 15 in both CD8 and CD4 T cells ( Figure 3D ). These data suggest that the generation of alloreactive T cells are inhibited by anti-CD154 treatment, which is consistent with a previous report, 23, 24 and that these effects are dependent on cytokine secretion. 
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Secondary skin graft survival and donor-specific Ab generation
Acceptance of a second skin graft from the same donor has been considered an important criterion for evaluating donor-specific tolerance. 25 A second skin graft was therefore transplanted onto each of the following treatment groups 5 to 7 weeks after placement of the first graft: (1) anti-CD154 alone; (2) anti-␣␤ TCR alone; or (3) both mAbs. Mice without mAb treatment at the primary skin graft served as controls. All second skin grafts in mice treated with anti-CD154 alone or anti-␣␤ TCR alone at the time of first skin graft were rejected significantly more rapidly (P Ͻ .05) than first skin grafts ( Figure 4A vs Figure 2B) . A total of 6 of 8 mice treated with both mAbs had the primary skin graft intact when the secondary skin graft was performed. Although survival of second skin grafts was slightly prolonged in mice treated with both mAbs, the second skin graft triggered the rejection of all first skin grafts in this group ( Figure 4A) .
We then tested the mice for production of antidonor antibodies after the second skin grafting ( Figure 4B ). With anti-CD154 Figure 3 . Blockade of CD154 aborts germinal center formation and inhibits T-and B-cell activation. (A) At 5 to 7 weeks after skin grafting, spleens were harvested form animals treated with anti-CD154 mAb alone, anti-␣␤ TCR mAb alone, and both mAbs. Untreated B6 mice served as controls. Spleens were suspended in OCT, frozen in 2-methyl-butane, sectioned, and fixed with acetone. The spleen sections were blocked using Tris-saline/3% BSA (Sigma Chemical, St Louis, MO) and incubated with the avidin/biotin blocking kit (Vector Laboratories, Burlingame, CA). The sections were stained with HRP-PNA (1:100; Sigma) and developed with the AEC substrate kit (Vector Laboratories). Germinal center counts were performed using a Nikon Eclipse E400 microscope (Nikon Instruments, Westchester, OH). , 100 U/mL penicillin, 100 g/mL streptomycin [Invitrogen], and 2 mM L-glutamine [Invitrogen]) for 18 hours. During the final 6 hours of culture, phorbol 12-myristate 13-acetate (50 ng/mL), ionomycin (500 ng/mL), and brefeldin A (10 g/mL) (Sigma Chemical) were added to the culture. Cells were stained for CD4 or CD8 for 30 minutes at 4°C and then washed and fixed in 2% formaldehyde (Polysciences, Warrington, PA) for 15 minutes at 37°C, followed by ice-cold methanol at 4°C overnight. The cells were washed and permeabilized with 1% Triton X-100 (Roche Diagnostic Corp, Indianapolis, IN) in fluorescence-activated cell sorter (FACS) buffer. PE-conjugated anti-IFN-␥, anti-IL-10, or rat-IgG1 mAbs were added to the cells for 30 minutes, followed by washing in Triton X-100-FACS buffer. Significant P values are indicated above the respective data bars (*P Ͻ .05). Data are presented as averages plus or minus SD.
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XU et al BLOOD, 15 MARCH 2008 ⅐ VOLUME 111, NUMBER 6 For personal use only. on July 15, 2017. by guest www.bloodjournal.org From mAb treatment alone, 6 of 7 mice generated antidonor antibody by 2 weeks after the second antigen challenge. Only 1 mouse in this treatment group maintained an unsensitized profile at 4 weeks. Mice treated with anti-␣␤ TCR mAb alone (n ϭ 5) had higher antibody titers at 2 and 4 weeks after the second skin graft compared with the titers after the first graft. This humoral response was similar to mice that had received no mAb treatment at the time of the first skin graft. With combined mAb treatment, the antibody titers in 2 mice that had rejected their first skin graft increased from normal levels to more than 100 MFI at 2 weeks, and remained at high levels 4 weeks after the second graft. The other 6 mice in this group that had their first skin graft on at the time of placement of the second skin graft maintained nearly normal antibody titers (MFI of 2.5 to 5.9 at 2 weeks), and 4 mice maintained normal antibody titers 4 weeks after the second skin graft even though they had rejected both the first and second grafts. Moreover, the antibody levels were only slightly elevated in the 2 mice with first skin grafts on at the time of second skin grafting (MFIs of 12.6 and 28.3, respectively). Therefore, blockade of CD154 combined with T-cell depletion inhibited generation of allogeneic antibody, even after a second antigen challenge. These data point to a dominant and critical role for CD154 interactions in generating humoral immune responses.
Anti-CD154 mAb alone or in combination with anti-␣␤ TCR mAb promotes allogeneic bone marrow engraftment in mice after the first skin graft
To confirm that anti-CD154 mAb treatment prevented the production of antidonor antibody after skin grafting, and that the addition of anti-␣␤ TCR to anti-CD154 treatment induced both T-and B-cell tolerance, we tested whether alloengraftment of bone marrow would occur in mice treated with mAb at the time of sensitization. BALB/c BMT was performed 5 to 7 weeks after B6 mice were treated with anti-CD154 mAb alone, anti-␣␤ TCR mAb Figure 4 . Second skin graft survival and donor-specific antibody generation after the second skin grafting. (A) At 5 to 7 weeks after the first skin graft, a second skin graft was transplanted onto experimental B6 mice treated with anti-CD154, anti-␣␤ TCR, and/or both mAbs at the time of the first skin grafting. Mice without mAb treatment at the first skin graft served as controls. In mice treated with both mAbs, 6 of 8 mice had the first skin graft intact when the second skin graft was performed. Survival reflects days after placement of second skin grafts. (B) Sera were collected at weeks 2 and 4 after second skin grafting and tested with FCXM assay. The sera collected before second skin grafting served as controls. ࡗ represents an individual sample, and the short bar represents the average for each group. Pre indicates pretreatment. ; n ϭ 9), or recipients treated with both anti-CD154 and anti-␣␤ TCR that had skin graft acceptance (mAb Rx u; n ϭ 5), was measured by FACS analysis. The chimerism ranged from 65.6% to 93.6% donor. Relative expression in chimeras represents the percentage of V␤ ϩ cells within the CD8 ϩ or CD4 ϩ T-cell subsets of the host lymphocytes in peripheral blood. Samples from mixed chimeras were stained 2 months after reconstitution. The samples from skin graft-tolerant mice treated with anti-␣␤ TCR plus anti-CD154 mAb were tested 5 to 7 weeks after skin grafting. Data from 3 experiments are depicted as means plus or minus SD. TCR-V␤ expression in either the chimeric group or the mAb-treated tolerant group was compared with that in B6 mice using the 2-tailed t test (2-sample, assuming unequal variances). Significant P values are indicated above the respective data bars (*P ϭ .02; **P Ͻ .001).
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BLOOD, 15 MARCH 2008 ⅐ VOLUME 111, NUMBER 6 For personal use only. on July 15, 2017. by guest www.bloodjournal.org From alone, or both mAbs at the time of first skin grafting. Naive and sensitized B6 mice without mAb treatment or with hamster IgG treatment at initial skin grafting served as controls. Recipient mice were irradiated with 950 cGy and received transplants of 15 ϫ 10 6 or 80 ϫ 10 6 BALB/c BMCs ( Figure 5A ). Engraftment did not occur in mice treated with anti-␣␤ TCR mAb alone. As expected, sensitized controls did not engraft. 8 In striking contrast, 89.5% mice treated with anti-␣␤ TCR plus anti-CD154 engrafted, and 75.0% of mice treated with anti-CD154 alone engrafted. Recipients pretreated with anti-ICOS or anti-OX4OL mAb alone or in combination with anti-␣␤ TCR mAb did not engraft ( Figure  S1C ). These data corroborate our prior findings that the B-cell compartment is dominant in allosensitization in vivo, 12 and implicate the CD154-CD40 pathway as critical to sensitization.
V␤ expression in mice treated with anti-␣␤ TCR plus anti-CD154 mAbs and in chimeric mice
To further investigate the mechanism of tolerance induction in mice treated with combined anti-␣␤ TCR plus anti-CD154 mAbs, we evaluated the TCR-V␤ repertoire. Animals in this treatment group were compared with the chimeras prepared as described. BALB/c mice express I-E, resulting in the deletion of V␤5.1/2 ϩ and V␤11 ϩ T cells; B6 mice do not. In chimeric mice, marginally significant deletion of V␤5.1/2 ϩ and V␤11 ϩ subfamilies of CD8 ϩ T cells occurred compared with naive controls (P ϭ .02). There was a significant deletion of V␤5.1/2 ϩ and V␤11 ϩ subpopulations of CD4 ϩ T cells in mixed chimeras compared with naive B6 mice (P Ͻ .001), indicating that V␤5.1/2 ϩ and V␤11 ϩ subfamily deletion occurred completely in CD4 ϩ T cells and only partially in CD8 ϩ T cells. This negative selection was specific, as deletion of V␤6 ϩ and V␤8.1/2 subsets was not detected. In contrast, the V␤ repertoire in B6 mice treated with both anti-␣␤ TCR plus anti-CD154 resembled that for naive B6 mice ( Figure 5B) , and no deletion of any tested V␤ subfamily was detected.
CD154 blockade selectively inhibits the generation of CD8 ؉ effectors
The fact that CD154 Ϫ/Ϫ mice and anti-CD154-treated wild-type mice did not mount antibody response to BALB/c skin graft, but rejected the graft, suggests a role of cell-mediated response. To investigate the role of CD154-CD40 interactions in generating effective T-cell response, B6 mice were treated with anti-CD154 mAb. The CD44 high /CD62L low/Ϫ effector T cells and CD44 high /CD62L high (central memory) T cells were enumerated in peripheral blood at various times after allo-skin grafting. CD8 ϩ effectors were detected in controls starting at day 8 after graft placement and reached a peak at day 10, then decreased, reaching a level resembling naive mice at day 30 ( Figure 6A,B) . CD4 ϩ effectors were not inhibited by blockade of CD154 (data not shown). The CD4 ϩ / CD44 high /CD62L high population was significantly higher in the groups that received no mAb treatment (P Ͻ .05) or anti-CD154 treatment (P Ͻ .05) compared with naive mice (Figure 6C,D) , but the difference of the levels of CD4 ϩ /CD44 high /CD62L high between the no mAb-treated group and the anti-CD154-treated group was significant (P Ͻ .05), suggesting that anti-CD154 partially inhibits the generation of CD4 ϩ / CD44 high /CD62L high cells. There were no significant changes in CD8 ϩ / CD44 high /CD62L high in mice treated with anti-CD154 at the initial skin grafting in comparison with naive and sensitized controls (data not shown).
Discussion
Sensitization to MHC alloantigens is a critical unresolved challenge in transplantation. [26] [27] [28] [29] As was highlighted in a recent 30, 31 Stimulation of T cells and B cells through the antigen-specific receptor without engagement of costimulatory molecules can lead to anergy and/or apoptosis, 32 resulting in prolonged graft acceptance. [33] [34] [35] [36] In the present studies, we have found that both T-and B-cell adaptive immune responses must be controlled to prevent sensitization to alloantigen and prolong graft survival in vivo, and show for the first time that selective blockade of CD154 dominantly impairs the generation of humoral immunity.
We first characterized the mechanisms of allosensitization using CD154 Ϫ/Ϫ and TCR␤ Ϫ/Ϫ mice. We found that antidonor Ab was not generated in CD154 Ϫ/Ϫ mice after allogeneic skin graft rejection. However, skin graft rejection occurred with a normal kinetic, suggesting that T cells play a dominant and sufficient role in rejection of allogeneic skin grafts despite the fact that skin grafts induce production of significant amounts of alloantibody in wildtype recipients. Secondary grafts placed on these same CD154 Ϫ/Ϫ recipients were rejected in an accelerated manner (P Ͻ .05) compared with the primary graft, suggesting that primed T cells were generated by rejection of the first skin graft. TCR␤ Ϫ/Ϫ mice did not reject their first and second skin grafts, nor did they generate antidonor Ab, demonstrating that T cells play important dual roles in allorejection and in B-cell activation. Therefore, a deficiency in the CD154-CD40 pathway is not sufficient to block T-cell activation, although blocking CD154 exclusively and dominantly impairs generation of B-cell responses.
Based on our findings in CD154 Ϫ/Ϫ and TCR␤ Ϫ/Ϫ mice, we examined whether sensitization could be prevented at the time of exposure to alloantigen by blocking of CD154 with anti-CD154, depletion of ␣␤ TCR ϩ T cells with anti-␣␤ TCR, or combining both antibodies. Skin graft survival was significantly prolonged in wild-type recipients treated with anti-CD154 plus anti-␣␤ TCR mAbs, while grafts were rejected with kinetics similar to untreated controls if they received either mAb alone. Treatment of recipients with anti-CD154 mAb or anti-CD154 plus anti-␣␤ TCR mAbs prevented generation of germinal centers, suggesting interruption of B-cell activation, while those treated with anti-␣␤ TCR mAb alone generated germinal centers at levels similar to sensitized controls. The critical role for the CD154-CD40 pathway in mediating humoral immunity was specific to this costimulatory pathway, since blockade of CD40L or ICOS did not result in a similar effect.
There was a striking disparity in skin graft survival between TCR␤ Ϫ/Ϫ and mice treated with anti-␣␤ TCR. Graft survival was significantly prolonged in the TCR␤ Ϫ/Ϫ mice compared with the mAb-treated wild-type mice. TCR␤ Ϫ/Ϫ mice lack ␣␤ TCR ϩ T cells, while depletion with anti-␣␤ TCR may leave some residual T cells below the levels of detectability. We hypothesize that the addition of anti-CD154 mAb prevented those residual T cells from being activated. Our findings are corroborated by a previous report showing that low levels of residual effector cells were sufficient to mediate graft rejection. 37 They also provide a mechanistically distinct explanation for the observation that depletion of CD8 ϩ T cells is required to induce tolerance in CD4 ϩ T cells with CD154 blockade. 38 While this outcome was previously attributed to an effect by CD154 blockade on T cells, our present findings suggest that the dominant effect is to prevent T cell-dependent B-cell activation in vivo, and is consistent with previous reports evaluating the mechanism of antibody production by B cells. 39, 40 That anti-CD154 mAb treatment selectively inhibits the generation of CD8 ϩ effectors but does not prevent skin graft rejection further supports this notion.
Interestingly, the anti-CD154 mAb therapy also led to significantly decreased IL-10 production, a cytokine which promotes B-cell activation and differentiation. 41, 42 Therefore, blockade of CD154 appears to interfere with both allo-T-cell and allo-B-cell activation by inhibiting T-cell and B-cell collaboration. These observations confirm recent publications that allosensitization clearly involves both allo-Ab humoral responses as well as allo-T-cell responses. 12, 43, 44 The accelerated rejection of second skin grafts in both CD154 Ϫ/Ϫ and anti-CD154-treated B6 mice suggests that memory T cells mediate this rejection. Notably, blockade of CD154 totally impaired the generation of CD8 ϩ /CD44 high /CD62L low/Ϫ effectors, but not CD4 ϩ /CD44 high /CD62 high central memory phenotype cells. This finding may help to explain the mechanism for rejection of skin grafts in the mice lacking or blocking CD154, as CD4 ϩ memory T cells can mediate allograft rejection. 45, 46 These findings may explain why combined anti-␣␤ TCR plus CD154 blockade is required to prolong skin graft survival in vivo. To understand the mechanism associated with the inhibition of T-and B-cell activation by blockade of CD154-CD40 interactions, we evaluated activation status and cytokine production. We have also found that anti-CD154-treated recipients had a significant reduction not only in IL-10-but also in IFN-␥-producing cells, suggesting that Th1 responses are inhibited. Therefore, the mechanisms of action for CD154 blockade may be more complicated for first and second graft rejection and for the dissociation T-cell tolerance (skin graft rejection) and B-cell tolerance (inhibition of Ab generation).
It has been hypothesized that costimulatory blockade plus lymphodepletion in the context of exposure to alloantigen induces apoptosis or censoring of alloreactive T cells. [47] [48] [49] However, the fact that a second skin graft triggered the rejection of all prolonged first skin grafts in recipients suggests that the tolerance induced by this treatment does not occur by a deletional mechanism. There was no change in TCR-V␤ repertoire in these tolerant mice, making a central mechanism less likely. In contrast, TCR-V␤5 and -V␤11 deletion in CD4 ϩ T cells was observed in all chimeras prepared with mice following sensitization-preventive treatment. These data confirm that central tolerance through clonal deletion of alloreactive T cells is the mechanism for tolerance induction in chimerism, but not in the nonchimeric mice.
The sensitized barrier has posed a formidable challenge for engraftment of BMCs in patients sensitized by transfusion therapy. 14, 50 Patients with hemoglobinopathies experience a higher rate of graft rejection, and significantly more conditioning is required to establish chimerism nonmyeloablatively. 51 In the present studies, we found that CD154 blockade promoted engraftment in recipients previously exposed to donor alloantigen. Notably, 75% of mice preconditioned with anti-CD154 mAb and 89.5% conditioned with both anti-CD154 plus anti-␣␤ TCR mAbs at the time of skin graft placement engrafted with a much lower BMC dose. These results confirm that CD154 blockade, with or without anti-␣␤ TCR mAb preconditioning prior to exposure to MHC alloantigen, abrogates the generation of a humoral response and confirm that sensitization can be prevented in vivo with costimulatory blockade. As expected, none of the sensitized recipients in the present studies prepared as controls engrafted. Similarly, the mice treated with anti-␣␤ TCR mAb also failed to engraft, confirming a For personal use only. on July 15, 2017. by guest www.bloodjournal.org From dominant role by the humoral barrier in rejection of transplanted BMCs as antidonor Ab generated after the initial skin graft rejection. In a mouse model of sensitization, we recently reported that the humoral arm of the immune response contributed dominantly to BM graft rejection by sensitized recipients in vivo. 12 Although CD154-treated mice rejected their skin grafts, they behaved like unsensitized mice for engraftment of bone marrow, which further supports the dominant and previously unappreciated role for humoral immunity in sensitized recipients. Moreover, these preventative strategies used in recipients at the time of exposure to alloantigens promote the establishment of allogeneic engraftment of BMCs. These findings may be clinically relevant to preemptively prevent allosensitization.
